Recently, the grid codes require taking into account the reactive power of the wind farm in order to contribute to the network stability, thus operating the wind farm as active compensator devices. This paper presents a comparative study of stabilizing a wind farm using (Doubly Fed Induction Generators) DFIGs or using a (Static Synchronous Compensator) STATCOM during wind speed change and grid fault. Simulation results show that the wind farm could be effectively stabilized with both systems, but at a reduced cost with the DFIGs system because it can provide reactive power through its frequency converters without an external reactive power compensation unit like the STATCOM system significant.
It is increasingly important that wind generation continue to operate during periods of short circuit fault in the grid. The penetration of wind power has reached levels high enough to affect the quality and stability of the grid [3] . According to grid codes issued by utilities, tripping of wind turbines following grid fault is not allowed. Besides to provide voltage support to the grid, mandatory reactive current supply is necessary [1] . Main ancillary services in a power system are power-frequency control and voltage control. These services must be provided by each generator connected to the grid. In order to provide the ancillary service of voltage, generators must have some reactive power capability as required by the corresponding grid codes [7] .
Recently, the most widely used variable wind turbine is the Doubly Fed Induction Generator type (DFIG) because it can operate at a wider range of speed depending on the wind speed or other specific operation requirements. Thus it allows for a better capture of wind energy [4, 12, 14] , and dynamic slip control and pitch control may contribute to rebuilding the voltage at the wind turbine terminals and maintaining the power system stability after clearance of an external short-circuit fault [2] . In addition, DFIG have shown better behavior concerning system stability during short-circuit faults in comparison to IG, because of its capability of decoupling the control of output active and reactive power. The superior dynamic performance of the DFIG results from the frequency converter which typically operates with sampling and switching frequencies of above 2 kHz [1] . At lower voltages down to 0% during grid fault, the IGBTs (Insulated Gate Bipolar Transistors) of the DFIG are switched off and the system remains in standby mode [9] [10] [11] 13] . If the voltages are above a certain threshold value during fault, the DFIG system is very quickly synchronized and is back in operation again.
On the other hand, Static Synchronous Compensators (STAT-COM) can be use to provide reactive power to stabilize a wind farm also. There are various voltage source or current source inverter based on FACTS devices for flexible power control damping of power system and stabilization of wind generators [ 15, 16] , but in this work STATCOM based on a voltage source converter (VSC) PWM technique is used to stabilize the IGs in the wind farm in comparison to the use of the DFIGs. This paper presents a comparative analysis of the use of DFIGs or STATCOM to stabilize a wind farm. Simulation model of wind turbine with DFIGs and IGs developed in PSCAD/EMT-DC [17] is presented.
Model System
The model system for this work is shown in Figures 1(a-c) where in case 1; the Wind Farm is composed of 2 aggregated DFIGs each of capacity 12.5MVA, and 2 IGs (Induction Generators) each of capacity 12.5MVA. The 2 DFIGs were used to stabilize the wind farm by connecting them to the two IGs and then to an infinite bus ( Figure 1a) .
In case 2, the capacity of the wind farm considered is half of that of case 1, because no DFIGs were connected to the IGs and also no reactive power compensation unit was installed (Figure 1b) 
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for stabilization of the wind farm.
Finally, in Case 3, a STATCOM was used for the stabilization of the wind farm by connecting it to the Point of Common Coupling (PCC) of the 2 IGs and then to the infinite bus. The STAT-COM has the ability of providing reactive power to the system like the 2 DFIGs in case 1.In this case, the capacity of the wind farm is also half of that of case 1 (Figure 1c) .
Table1 shows the parameters of the IGs and the DFIGs wind turbine used in this study [6] . In all cases, a three line to ground (3LG) symmetrical grid fault is said to occur as shown in the model system.
Grid Requirements
Grid codes describes the minimum technical and organizational requirements that most be fulfilled when setting up and operating grid connections. They are aim firstly at the objective requirements for fault-free operation of the grid, and secondly on the importance of plant operation in line with requirements for the connectee [8] .
The main requirements established in these new grid codes are the so-called wind turbine low voltage ride through capability and reactive power capability [7] . The first specification aims to improve transient stability in a power system with a high penetration of wind energy, while the second specification aims to support voltage control in such power system. Thus the wind farm should have the capability to control the voltage and or reactive power at the connection point. This is essential in order to ensure secure operation of the system. Figure 2 shows the limit curves (red lines) for the voltage patterns at the grid connection for a generating plant; where three phase short circuits or fault related symmetrical voltage dip must not lead to instability above limits line 1 or to disconnection of the generating plant from the grid after limit line 2 as set by German E.on netz [8] . Figure 3 shows the required reactive current support from the generating plants during voltage dip for overexcited and under excited operations as set by German E.on netz [8] . 
DFIG Wind Turbine Model and Control
Figure 4 above shows wind turbine characteristic used for this study with the turbine input power plotted against the rotor speed of the turbine. The range of operation of the variable speed DFIG turbine is designed to follow the dotted red line from 0.7pu for minimum speed to 1.3pu for maximum speed.
The maximum power that can be obtained from the DFIG wind turbine at various wind speed from 6-13m/s is given by the locus Pmax in Figure 4 . The rated speed of the turbine from Fig.  4 is gotten by tracing the line at 1.0pu turbine input power to the various speed curves, which gives 12.43 and at a rated rotor speed of 0.96pu.
The equations for the modeling of the wind turbine are described as follows.
The captured power from the wind can be expressed as eqn.
(1). Tip speed ratio, λ and power coefficient, C p can be expressed as eqs. (2) and (3) as shown below [5, 6] .
The torque coefficient and the turbine torque are expressed as follows. (5 The Pitch angle controller of the DFIG system which helps to achieve the minimum and maximum limit of the rotor speed during wind speed change and grid fault is shown in Figure 5 below. In Figure 5 above, when the rotor speed exceeds 1.2pu due to high wind speed, the control system activates to limit the rotor speed to a maximum value of 1.3pu through the proportionate integral (PI) controller and the gain function block at a maximum and minimum limiter value of 10deg/sec.
The DFIG wind turbine control system is divided into two parts; the rotor side converter (RSC) and the grid side converter (GSC). The control blocks for both converters are shown in Figure 6 , while Table 2 gives the ratings of the excitation circuit of the DFIG used for this study. 
STATCOM Control System
STATCOM can enhance the transient stability and significantly minimize the blade-shaft torsion oscillation of wind turbine generators [16] . The reactive power of a STATCOM is produced by means of power electronic equipment of the voltage source converter (VSC) type. The VSC converts the dc voltage into a three-phase set of output voltages with desired amplitude, frequency and phase. The control scheme for the STATCOM used in case 3 is shown in Figure 7 , where the d-axis current (Idstat) controls the STATCOM DC-link voltage (VSTAT) to a constant value of 1.0pu, as that of the DC-link voltage of the DFIG system used in case 1, while the q-axis current (Iqstat) controls the reactive power of the STAT-COM to maintain a terminal (grid) voltage of 1.01pu as that of the DFIG system in case 1 respectively.
In Figure 7 schematic diagram for the STATCOM switching circuit, after a dq/abc transformation as that done in the DFIG system, the triangular carrier signal of 1.05 kHz is used for the PWM operation. Table 3 displays the parameters of the STATCOM used for this study. 
Simulation Results
Simulations were run in PSCAD/EMTDC [17] for 600sec. for the three cases with different real wind speed data obtained from Hokkaido Island, Japan, for each generator. The response of the wind farm to wind speed change are shown in Figures 8-23 . The wind farm responses during grid fault are given in Figures 24-38 where simulations were run for 10sec. with three phase fault applied at 0.1sec, as shown in the model system, and the circuit breakers on the faulted line were opened and reclosed at 0.2sec and 1.0sec respectively. During the fault analysis, for case 1, the DFIGs and the IGs are at constant velocity of 15m/s, while for cases 2 and 3, the IGs are at their rated fixed speed. The effectiveness of the pitch angle controller for the DFIG can be seen in Figures 11 and 12 respectively, where the active power of both DFIGs does not exceed 1.0pu despite the high speed and the rotor speed does not exceeds its maximum designed value of 1.3pu in Figure 4 . Also in Figure 11 , the DFIGs absorb and supply reactive power from and to the system depending on the nature of the wind speed in order to stabilize the network. Figures 13, 14 and 15 shows the nature of the pitch controller for DFIGs and the IGs in all the cases, where the pitch controller does not work until the wind speed exceeds the maximum speed for the DFIGs and the rated speed for the IGs.
A) Response of Wind Farm to Wind Changes
The apparent power of the DFIGs are shown in Figure 16 , which confirms that the DFIGs are not overloaded in stabilizing the system, because their apparent power values does not exceed 1.0pu during the wind speed change. Figure 17 shows the active power of the grid side converter system for the DFIGs in case 1, from which it can be deduce that the maximum limit of 20-30% of the power processed by the converter which is typical for the DFIG system is not exceeded during the wind speed change.
The active and reactive power of the wind farm is shown in Figure 18 where for case 1, the active power is higher than case 2 and 3 because 4 generators are operating in case 1(2 DFIG and 2IG), hence a combination of four wind velocity, while in case 2 and 3, only two induction generators are operating. The same applies to the reactive power of the system.
Figures 19, 20 and 21 shows the terminal voltage of the wind farm, DC-link voltage for the DFIGs (case 1) and the DC-link voltage of the STATCOM (case 3) respectively. The reference value of 1.0pu could be seen to be maintained for these Figures showing the effectiveness of the control system applied in all cases. Also, in Figure 19 , the terminal voltage of the wind farm is more stable for cases 1 and 3, where a reactive power compensation unit ie, DFIG (case 1) and the STATCOM (case 3) was applied, and the terminal voltage was unstable ie it varies as the wind speed varies in case 2 because no external compensation unit was considered. The reactive power of the grid side converter and the STATCOM supplied to the wind farm to help achieve stability for cases 1 and 3 respectively is shown in Figures 22 and 23 . Figure 24 and 25 gives the transient stability analysis for the rotor speed of the induction generators and the active power of the wind farm for all cases. It can be observed that when reactive power compensation was not considered in case 2; the IGs could not stabilize themselves during the grid fault, while in case 1 and 3, the IGs were stable because, reactive power compensation unit was available in the system. Figure 26 and 27 shows the nature of the pitch control of the DFIGs and the IGs for cases 1 and 3 during the grid fault in order to mitigate the effect of the grid fault on the machines.
The active, reactive, and apparent powers of the DFIGs during the grid fault are shown in Figures 28, 29 and 30 respectively. In all Figures, it can be observed that the DFIG system was able to recover itself after the grid fault to its normal steady state condition because it can provide reactive power of about 75% ( Figure  29) by itself through the help of the frequency converter system. Figures 31, 32 and 33 gives the active power of the inverter, DClink voltage and the rotor speed of the DFIGs during the grid fault, where all this variables was recovered to assume their steady state after the fault in case 1.
The reactive power supplied by the grid side converter of the DFIGs to the network system to achieve stability during the grid fault is shown in Figure 34 as almost 20% of the total rating of the DFIG. Figures 35 show the stress of the DC-link voltage due to the grid fault on the STATCOM system for case 3. The STATCOM system was able to recover itself like the DFIG system during grid fault through the provision of reactive power almost 70% ( Figure  36 ). In Figure 37 , the terminal voltage of the wind farm recovered to its steady state for case 1 and 3, because of the reactive power provision from the DFIGs and the STATCOM system respectively. Figure 38 show the nature the rotor current of the DFIG for phases a, b and c respectively in case 1.
The results show that the DFIGs and the STATCOM (case 1 and 3) systems can effectively stabilize the wind farm by providing sufficient reactive power to the wind farm based on grid codes. However, the DFIGs system seems to be more advantageous because, apart from generating electric power at steady state, it can also stabilize the wind farm.
